Abstract. Dentin sialophosphoprotein (DSPP), an important marker of odontoblast differentiation, is a prerequisite for tooth development and mineralization; however, the molecular mechanisms of both temporal and spatial regulation remain unknown. MicroRNAs (miRNAs) provide an additional level of control beyond that of transcription factors, which regulate post-transcriptional control of gene expression. The present study was designed to provide a first attempt at an in-depth analysis of dental pulp cells at various odontoblastic differentiation stages to obtain miRNA differential expression patterns, and to determine the contribution of miRNAs in the expression of DSPP during odontoblast differentiation. Dual luciferase reporter assays and qRT-PCR were used to validate miRNAs identified from bioinformatic analyses to determine whether they were able to regulate the DSPP gene in dental pulp cells cultured in a mineralizing medium. The results presented here suggest that DSPP is regulated post-transcriptionally by mir32, mir885-5p and mir586 during odontoblast differentiation.
Introduction
Dentinogenesis is a process of continuous matrix deposition that occurs throughout the life of a tooth. Odontoblasts, a monolayer of cells located at the periphery of the pulp, secrete the unmineralized dentin matrix (predentin), and are responsible for the mineralization of this matrix (dentin). Odontoblast cytodifferentiation results in the expression of tissue-specific gene products that form the structure of the dentin extracellular matrix. Dentin sialophosphoprotein (DSPP), which is thought to be tooth-specific (1,2), was first cloned from developing teeth and later found to be expressed in bone (3) , neoplasms [e.g., breast, lung (4) , and prostate tumors (5)], and in soft tissues including the kidney (6) and salivary glands (7) . However, DSPP both inside and outside of the dentin is similar in nature but different in quantity, with the amount of DSPP in bone about 1/400 of that found in dentin (3) . Therefore, the relative expression of the DSPP protein and gene expression can be used as a marker for odontoblasts.
Specifically, DSPP is expressed transiently by presecretory ameloblasts, as well as long-term by odontoblasts throughout dentinogenesis (2, 8) . The primary DSPP transcript is processed into two major polypeptides, recognized as dentin sialoprotein (DSP) and dentin phosphoprotein (DPP) (1) . Extensive evidence indicates that DSPP plays a crucial role during both enamel and dentin biomineralization and/or the formation of the structural diversity of tooth layers (i.e., enamel, mantle dentin, predentin and orthodentin) (1, 9, 10) . DSPP mutations are reported to be associated with DD-II, DGI-II (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and DGI-III (21) , resulting in abnormal dentin formation. Furthermore, DSPP knockout mice display a widened predentin zone and develop defective mineralization similar to human dentinogenesis imperfecta III (22) .
Understanding the processes that regulate the tissuespecific gene expression is of importance in developmental biology. In particular, the coordinated development of odontoblast cells depends on the adjustment of various regulators that are responsible for the induction of cell differentiation and the expression of tooth-specific genes. Previous studies have shown that dentinogenesis, a complex process in which multiple signaling pathways induce dentin formation, is controlled by many growth and transcription factors (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . However, the regulation of DSPP is not fully understood, particularly the understanding of its post-transcriptional regulation.
MicroRNAs (miRNAs) provide an additional level of control beyond that of transcription factors. miRNAs are a class of small noncoding RNA molecules that regulate gene expression post-transcriptionally in eukaryotic cells (34) (35) (36) (37) (38) (39) . miRNAs are ~22 nucleotide (nt) single-stranded RNAs that silence gene expression by binding to target mRNAs. Mature miRNAs target the 3' untranslated regions (3'UTR) of genes by complementary base-pair binding. Furthermore, mature miRNAs can alter the expression of genes by binding to the coding regions as well as the 5' untranslated regions (5'UTR) (40, 41) .
To understand the molecular mechanisms regulating dentinogenesis, we utilized computer analysis of the 3'UTR and identified several potential regulatory miRNAs. We then performed a dual luciferase reporter assay using RNA extracts isolated from human dental pulp cells to determine whether miRNAs play a role in the regulation of the DSPP gene.
Materials and methods
Cell culture. Primary human dental pulp cells were isolated from explanted healthy pulp of impacted third molars, following an established protocol (42, 43) . The cells were cultured in a growth medium containing Dulbecco's modified Eagle's medium (Gibco) with 10% fetal bovine serum, 1% L-glutamine, 10,000 IU/ml penicillin G, 100,000 mg/ml streptomycin sulfate, and 25 mg/ml amphotericin B at 37˚C, 5% CO 2 condition. Cells from the second passages were used for all experiments. To activate differentiation and mineralization, DPCs were cultured in a mineralizing medium containing growth medium, 50 mg/ml ascorbic acid, 10 mM β-glycerophosphate, and 0.01 mM dexamethasone (Sigma).
T293 cells were grown in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum.
Mineralization staining. Mineralization of cultured DPCs was determined using Alizarin Red (AR) staining. After Day 14, the cell layer was washed with PBS and fixed in 10% formaldehyde (Sigma-Aldrich) at room temperature for 15 min, then washed in duplicate with excess dH 2 O prior to the addition of 1 ml of 40 mM AR (pH 4.1). The plates were incubated at room temperature for 20 min under gentle shaking. Following aspiration of the unincorporated dye, the plates were washed twice with dH 2 O and visualized using phase microscopy (Nikon).
Reverse transcription-PCR. Total-RNA was prepared from mineralized cultured dental pulp cells from Days 7 and 14. First-strand cDNA synthesis and PCR processes were performed per the manufacturer's instructions. The primer sets for DMP-1 were sense, 5'-TGGGTTTGTTGTGATAGG-3'; antisense, 5'-GGAAGAGGTGGTGAGTGA-3'. The reactions were incubated at 94˚C for 5 min for one cycle and then 94˚C/45 sec, 51˚C/45 sec, 72˚C/1 min for 40 cycles, with a final 10-min extension at 72˚C. The primer for DSPP was sense, 5'-GGCAGTGACTCAAAAGGAGC-3'; antisense, 5'-TGCTG TCACTGTCACTGCTG-3'. The reactions of DSPP were incubated at 94˚C for 5 min for one cycle and then 94˚C/45 sec, 54˚C/45 sec, 72˚C/1 min for 35 cycles, with a final 10-min extension at 72˚C. Following amplification, a 10 min extension was performed with 72 reactions of DSPP using 1.5% agarose gel electrophoresis and visualized using ethidium bromide staining.
Bioinformatic analyses. Bioinformatic scans of the 3'UTR of DSPP were conducted using four web-based miRNA target prediction programs: miRGen-miRanda, mirBase, microRNA and TargetScan 3.0 (44-47). miRNAs were chosen based upon their targeted prediction by more than one program, conservation of the binding region, and strength of the predicted interaction.
Dual luciferase reporter assay. The psiCHECK2 luciferase vector (Promega) was used for the dual luciferase assays. The 3'UTR of DSPP was inserted using the XhoI/NotI sites. Fragments of the 3'UTR of DSPP were obtained by PCR using DSPP cDNA as the template. The primers for DSPP 3'UTR were XhoIF, 5'-CCGCTCGAGAACAAAAGAAAAACCCGTAAG-3', NotIR, 5'-ATAAGAATGCGGCCGCTTCTGTGTGAAGTAT TAAAGAAT-3' . PCR products were digested using XhoI/NotI and cloned into the psiCHECK2 plasmid (Promega).
Luciferase assays were performed using the DualLuciferase assay kit as described (Promega). 293-T cells were co-transfected in 24-well plates with the indicated psiCHECK2 luciferase construct (0.5 µg/well) and miRNA (20 µM) using Lipofectamine 2000. Following 48 h, the cells were harvested in passive lysis buffer, and luciferase activity was determined using a GloMax™ 20/20 luminometer (Promega). The luciferase data are expressed as a ratio of Renilla luciferase (RL) to firefly luciferase (FL) to normalize for transfection variability between samples. Luciferase experiments were repeated in triplicate using independent samples, as indicated.
qRT-PCR. To validate the above data, expression of the three miRNA genes was determined using qRT-PCR analysis. Dental pulp cells cultured in a mineralizing medium were able to differentiate into odontoblast-like cells. Samples were Table I . Oligonucleotides used in this study.
a miRNA_R represents the universal reverse primer in conjunction with a sequence-specific forward primer for hsa-mir32, hsa-mir885-5p and hsa-mir586.
harvested for the isolation of RNA at 7, 10, 14, 21 or 28 days of differentiation to detect quantitative changes in gene DSPP and three miRNAs. Cells were cultured in a growth medium that served as the control. RNA was isolated from cells using TRIzol (Invitrogen) as recommended by the manufacturer. For quantitative RT-PCR analysis, 0.1 µg of RNA per reaction was used with the Quantitech SYBR-Green RT-PCR kit and primers specific for DSPP. To quantify miRNA expression, total-RNA was reverse transcribed for use in two-step quantitative RT-PCR using the stem-loop method (48) (49) (50) . The resulting cDNA was subjected to real-time qRT-PCR using the universal reverse primer in conjunction with a sequence-specific forward primer for hsa-mir32, hsa-mir885-5p and hsa-mir586. Each sample was performed in triplicate, and the results were normalized using primers to 18S rRNA (for DSPP) or U6 (for miRNA analysis) ( Table I) . Results are expressed as fold change in expression relative to the control sample calculated using the equation RQ=2 -ΔΔCt .
Statistical analyses. All data are presented as the mean ± SD (n ≥3). We performed statistical analysis using ANOVA, and P<0.05 was considered statistically significant.
Results
Characteristics of dental pulp cells. It has been demonstrated that dexamethasone (Dex) and/or β-glycerophosphate (β-GP) in the culture medium of dental pulp cells can induce odontoblast features (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) . Cultured dental pulp cells were spindle-shaped in appearance with extended cytoplasmic processes and were grown to a near-confluent state. Following 10 days, mineralized nodules formed and became more condensed. Alizarin Red staining of mineralized nodules in representative cell cultures is demonstrated in Fig. 1B . Our results suggest that expression of matrix protein-1 (DMP-1) is detected from Day 7 and DSPP from Day 14, which are two dentin-specific markers (Fig. 1C) . Previous studies and biochemical confirmation of the differentiated DPC phenotypes confirm DPCs as a powerful model for our study.
Bioinformatic analyses for identification of miRNAs that regulate DSPP. Based on the stem-loop feature of the miRNA and cross-species comparison, a number of computational algorithms have been developed to predict miRNAs from the genome. Bioinformatic scans are the in silico standard for assembling a list of candidate miRNAs predicted to target the 3'UTR of a given RNA. We used four programs (TargetScan, mirBase, microRNA and miRGen-miRanda) to generate a list of potential miRNAs with a high probability of binding to the 3'UTR of DSPP (Table II) . To narrow these lists and increase our probability of identifying miRNAs capable of regulating DSPP post-transcriptionally, we chose to further examine ten miRNAs that were identified by at least two search algorithms (Table III) .
miRNAs regulate DSPP by dual luciferase reporter assay. To test whether the 3'UTR of DSPP contained sequences capable of interacting with potential miRNAs, luciferase reporter assays were performed. The 3'UTR of DSPP was inserted into the psiCHECK™-2 Vector using the XhoI/NotI sites and replicated with a vector. The relevant DSPP 3'UTR fragment was fused to luciferase and transiently transfected into 293-T cells, then analyzed for its ability to repress luciferase activity. When adding a miRNA that is able to interact with DSPP 3'UTR, the bioluminescence reaction of Photinus pyralis luciferase was annihilated because miRNA inhibits translation of vector mRNA. This construct allowed us to quickly and quantitatively evaluate miRNA effects on the 3'UTR of DSPP. The DSPP 3'UTR fragment inserted into the psiCHECK2 luciferase vector is shown in Fig. 2 . The relative luciferase activity in 293-T cells transfected with the luciferase vector alone was arbitrarily set at 100% for comparison. The binding ability of the ten predicted miRNAs with DSPP is shown in Fig. 3 .
mir885-5p, mir586 and mir32 (Fig. 4) all significantly ( ** P<0.01, * P<0.05) reduced luciferase activity when compared to the negative scrambled miRNA and the luciferase vector alone, while mir513P, mir361-3P, mir659, mir1205 and mir506 (Fig. 5) did not. mir593 and mir221 (Fig. 6 ) significantly repressed luciferase activity in comparison to the negative scrambled miRNA ( * P<0.05), but was not different with the cells transfected with the luciferase vector alone, suggesting the probability of repressed luciferase activity. hsa-mir221 hsa-mir885-5p hsa-mir221 hsa-mir337-3p hsa-mir32 hsa-mir361-3p hsa-mir451 hsa-mir384 hsa-mir506 hsa-mir452 hsa-mir506 hsa-mir384-3p hsa-mir646 hsa-mir659 hsa-mir519d hsa-mir578 hsa-mir512-5p hsa-mir586 hsa-mir119e hsa-mir432 hsa-mir587 hsa-mir593 hsa-mir520e hsa-mir361-3p hsa-mir101 hsa-mir1205 hsa-mir520h hsa-mir452.h hsa-mir571 hsa-mir548 hsa-mir577 hsa-mir659 hsa-mir540-5p hsa-mir186 hsa-mir32 hsa-mir1205 hsa-mir346 hsa-mir593 hsa-mir217 hsa-mir1286 hsa-mir183 hsa-mir1184 hsa-mir31 hsa-mir586 hsa-mir489 hsa-mir495 hsa-mir1192
Four miRNA target search algorithms (TargetScan, mirBase, microRNA.org, miRGen-miRanda) were utilized to generate a list of potential miRNA binding sites within the DSPP 3'UTR.
Table III. The ten miRNAs chosen for further study.
miRNA prediction programs ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
There are six miRNAs predicted by the biology software TargetScan and microRNA.org, and three by mirBase and miRGen-miRanda. An additional miRNA was predicted by three of the software, and is considered a potentially important regulator of DSPP 3'UTR.
Identification of miRNAs that regulate DSPP by qRT-PCR.
qRT-PCR analysis with commercial primer sets for reverse transcription of specific mature miRNAs can be used for amplification and detection of cDNA products using SYBRGreen fluorescence. To validate the above data, the expression of three miRNA genes in the process of dental pulp cell differentiation was determined using qRT-PCR analysis. The DSPP transcript was predominantly expressed in odontoblasts and transiently in preameloblasts along with an involvement with odontoblast differentiation and mineralization, which is used as an indicator of odontoblastic differentiation (2, 61) . Dental pulp cells cultured in mineralizing medium exhibited odontoblastic features, including increasing DSPP; undifferentiated dental pulp cells also exhibit DSPP expression (62) (63) (64) . In our study, expression of DSPP was weak before Day 7, but the amount increased by Day 10, and after Day 14 DSPP was strongly expressed (Fig. 7A) . As a regulator of DSPP, the three miRNAs existed in undifferentiated and differentiated dental pulp cells. The expression on Day 14 was significantly decreased, especially mir586, when DSPP was at its peak. After Day 14, expression levels of the three miRNAs were lower than undifferentiated cells, but the relative expression of mir32 was reduced less than that of the other two. On Days 21 and 28, mir885-5p and mir586 both maintained low expression levels (Fig. 7B ).
Discussion
miRNAs are small non-coding RNA molecules that regulate gene expression post-transcriptionally during development and tissue homeostasis. It has been shown that some miRNAs can control gene expression during mesenchymal differentiation (65). There is a large variety of cells in the dental pulp, including the dentin-adherent odontoblasts, fibroblasts, undifferentiated mesenchymal cells, and structural cells of blood vessels. Transcription factor, growth factor and the matrix environment could induce dental pulp cells, including undifferentiated mesenchymal cells, into odontoblast-like cells. This is the first study to explore the effects of miRNAs in dental pulp cell differentiation, especially on the marker gene DSPP. Our goal was not only to identify miRNAs that regulate the specific gene DSPP of dental pulp cells, but also to predict a subset of miRNAs that could be regulated during differentiation of dental pulp cells and result in abnormal dentin formation.
These observations suggest that the expression of the specific gene DSPP during dentinogenesis is governed not only by differentially expressed transcription factors and growth factors (61, (66) (67) (68) (69) (70) , but also by differentially expressed miRNAs.
In the present study, we predicted miRNAs targeting DSPP using computational analyses. Small differences in the implementation of the rules of these algorithms such as miRanda and TargetScan contributed to the discrepancies among their predicted targets. Despite the lack of sufficient numbers of experimentally verified targets for accurate assessment of the overall sensitivity and specificity of the predictions obtained by these algorithms, recent reports indicate that a large class of miRNA targets can be confidently predicted (22, 46) .
To validate these predicted miRNAs, the dual luciferase reporter assay is a quick, sensitive and direct method. Combined with qRT-PCR, it confirmed that mir885-5p, mir586 and mir32 were expressed during differentiation of dental pulp cells to odontoblast-like cells. The results showed that on Day 14 the expression level of DSPP was highest, and the three miRNAs were lowest. When the level of DSPP was low, miRNAs were relatively high, which demonstrated that there was some link between DSPP and miRNAs. The nonlinear relationship between miRNAs and DSPP allows speculation that the three miRNAs regulate other target genes during differentiation. It has been reported that miRNAs show diverse regulatory mechanisms with mRNAs, including down-regulatory modules, up-regulatory modules, and mixed-regulatory modules. Even some of the earlier studies advocated that the miRNAs targeting the same gene together with a transcription factor might be regulated by the same transcription factor (71) . Therefore, there is a complex regulatory network between miRNA and mRNA. The exact function of these miRNAs remains to be determined, but we believe this study provides a basis for further investigation of their function in dentinogenesis.
